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Abstract — We investigate electronic transport through II-VI 
semiconductor resonant tunneling structures containing diluted 
magnetic impurities. Due to the exchange interaction between 
the conduction electrons and the impurities, there arises a 
giant Zeeman splitting in the presence of a moderately low 
magnetic field. As a consequence, when the quantum well is 
magnetically doped the current-voltage characteristics shows two 
peaks corresponding to transport for each spin channel. This 
behavior is experimentally observed and can be reproduced with 
a simple tunneling model. The model thus allows to analyze 
other configurations. First, we further increase the magnetic 
field, which leads to a spin polarization of the electronic current 
injected from the leads, thus giving rise to a relative change in the 
current amplitude. We demonstrate that the spin polarization in 
the emitter can be determined from such a change. Furthermore, 
in the case of a magnetically doped injector our model shows a 
large increase in peak amplitude and a shift of the resonance to 
higher voltages as the external field increases. We find that this 
effect arises from a combination of giant Zeeman splitting, 3-D 
incident distribution and broad resonance linewidth. 

Index Tenns — Spin polarization, tunnel diodes, diluted mag- 
netic semiconductors. 



I. Introduction 

PRESENT information processing technology is mostly 
based on the manipulation of the electron charge by 
means of external electric fields. In the rapidly flourishing 
field of spintronics or magnetoelectronics the chief role is 
played by the electron spin. Spintronics has already provided 
us with commercial devices, e.g., read-out heads for computer 
hard disks. These gadgets make use of the giant magne- 
toresistance effect in metals. In semiconductor materials, the 
spin orientation of conduction electrons survives much longer 
time, which makes semiconductor-based spintronic devices, 
to a great extent, attractive for quantum computing where the 
electron spin would play the role of a qubit of information [1]. 
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Fig. 1. Schematic representation of the energy profile of a double barrier 
tunnel diode with a single energy level in the quantum well, eo, coupled to 
two electron reservoirs with Fermi energy Ep. The quantum level and the 
reservoir band bottom may be spin split due to an external magnetic field. 



A basic requirement for the applicability of spintronic 
devices is their all-electrical ability of generating and detecting 
spin-polarized currents. The most promising prospect devices 
use alloys of nonmagnetic semiconductors with magnetic 
transition metals (mainly, Mn) [2]. Thus, thin layers of diluted 
magnetic semiconductor (DMS) compounds can be stacked 
to form quantum confined geometries in which new spin- 
dependent transport effects are likely to occur [3]. Recent 
progress has been able to reduce Mn-related scattering and, 
at the same time, maximize spin effects. For example, large 
band electron spin splittings at moderately low magnetic fields 
can take place in II-VI compounds (e.g., CdTe, ZnS or ZnSe) 
with Mn substituted on the group II site [4]. Since the valence 
of the cations Cd or Zn equals that of Mn, additional n-doping 
is required to generate electric carriers. The possibility of n- 
doping is a great advantage of Il-VI-based devices over their 
III-V counterparts (typically, (Ga,Mn)As) which are always p- 
type, since this difference allows to significantly decrease the 
amount of spin-orbit coupling experienced by the carriers and, 
as a result, spin dephasing and relaxation are reduced. Another 
advantage is related to the spin injection efficiency [5], [6]. 
The price one has to pay is that n-doped II-VI DMS's do 
not show ferromagnetism. Nevertheless, II-VI DMS structures 
provide an excellent framework for fundamental studies on 
the dynamical interplay between spin splitting subbands, elec- 
tron transport, spin decoherence and magnetically controlled 
quantum confinement. 

The type of DMS structures with which we are here con- 
cerned are resonant tunneling diodes (RTD's). These systems 
have recently received attention [7], [8], [9], [10], [11], [12]. 
A RTD is a widely studied quantum semiconductor device 
which is the analog of the optical Fabry-Perot resonator [13]. 
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A double barrier confines the electrons in a quantum well 
between two electron reservoirs. (A simplified sketch of the 
conduction band profile of a RTD sample is shown in Fig. 
[T]). Resonant tunneling arises when the incident stream of 
electrons matches its energy with the quantum level formed 
in the well, thereby working as an energy filter to a good 
extent. A higher bias lowers the resonance energy relative to 
the energy of the injected electrons and the current-voltage 
(I-V) thus exhibits a negative differential conductance region. 
This effect can be used for high speed switching applications 
in electronic circuitry at room temperature [14], [15]. 

When the quantum well is doped with Mn ions, the resulting 
DMS is paramagnetic. In the absence of magnetic fields, the 
well subbands are spin degenerate. When a small magnetic 
field is applied, a giant Zeeman splitting (of the order of a 
few meV) arises due to the exchange interaction between the 
localized magnetic moments (the Mn+"'' ions) and the conduc- 
tion band electrons [16]. As a consequence, the bottom of the 
well energy subbands splits and two conduction channels (one 
per spin) are able to participate in the transport, see Fig. [T] 
Using bias voltage to select a particular transmission resonance 
leads to the generation of a current peak with predominantly 
spins up or down. Reference [7] showed that each resonance 
appears as a distinct peak in the I-V characteristic and that 
further increase of the magnetic field leads to a larger peak 
splitting. The separation follows a modified Brillouin function 
for paramagnetic systems [7], 



Metal 



A = NunJsdSoBs 



(1) 



>B(T + Teff) 

where A^Mn is the concentration of 5 = 5/2 Mn spins, 
Jsd is related to the exchange integral (see below), Bs is 
the Brillouin function with g the Lande factor, B is the 
magnetic field, T is the temperature, and Sq and Toff are the 
Mn effective spin and temperature, respectively. Each peak 
of the splitting is dominated by tunneling via a given spin 
channel. As a consequence, the RTD works as a spin filter. 
At large magnetic fields, the splitting reaches saturation but 
the Zeeman spin splitting in the contacts, which is negligible 
at low magnetic fields, starts to play a role. The well is 
progressively injected with an increasing carrier density with 
a given spin direction and, as a result, the peak amplitude is 
modified. In this operation regime, we predict that the DMS 
RTD can be regarded as a detector of spin polarized currents. 

When the quantum well is a normal semiconductor and the 
injector is doped with Mn ions, a different scenario results. 
The giant Zeeman splitting develops now in the injector, which 
modifies the energy distribution of the injected current. The 
calculated I-V consists of a single peak with an amplitude 
which enhances largely with increasing magnetic field. More- 
over, we observe a shift of the resonance to higher voltages. 

Below, we discuss in detail the two predictions sketched 
above. We present a theoretical model which shows that the 
effect causing the peak current enhancement in the DMS 
injector case is due to a combination of three-dimensional 
incident distribution, giant Zeeman spin splitting and broad 
resonance linewidth. In the case of a DMS quantum well, we 
demonstrate that the spin polarization of the emitter can be 
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Fig. 2. (Color online) Details of the layer stack used in the experiments. 



determined from the relative change of the peaks forming the 
splitting. 

II. Experimental sample 

Figure |2] shows a pictorial representation of the sample used 
in the experiment. The tunneling region consists of a 9 nm 
thick Zn 96Mn.o4Se quantum well sandwiched between two 
5 nm thick Zn 7Be sSe barriers. The well is coupled to two 
10 nm thick ZnSe layers. The remaining layers are needed 
to ensure a proper doping profile and to allow for the fitting 
of high quality ohmic contacts. The contact resistance of the 
devices is kept to a minimum by using an in-situ Al (10 nm)/Ti 
(10 nm)/Au (30 nm) top contact, while the ex-situ bottom 
contact is fabricated by etching down to the very highly doped 
ZnSe layer, and using large area (500^/im^) Ti-Au contact pad. 
The injector and the collector are lattice matched to the GaAs 
substrate. The barrier layers are obviously not lattice matched 
but are sufficiently thin to grow fully strained. The sample is 
patterned in 100 pm^ pillars using standard optical lithography 
with positive photoresist followed by metal evaporation and 
lift-off. 

Measurements are performed in a ^He bath cryostat 
equipped with a high field superconducting magnet using 
standard DC transport techniques. Care was taken to construct 
a circuit with a low (40 Vl) resistor in parallel to the diode to 
prevent the diode from going into oscillations in the negative 
differential conductance region. [17]. Current measurements 
consist of measuring the voltage drop across a relatively small 
30 Ohm series resistor. 

III. Experimental observations 

I-V characteristics for the DMS RTD and different 
strengths of applied magnetic fields are shown in Fig. [3] At 
zero field, the sample exhibits typical RTD behavior, showing 
a strong resonance peak at 5 1 mV with a peak-to-valley ratio 
just over 1. The additional resonance visible at 84 mV in the 
B = Q curve is the well known LO phonon replica [17] which 
is separated from the direct resonance by the energy of the 
LO phonon of the well material, and can be used to calibrate 
the voltage scale to the energy of the levels in the quantum 
well. (The voltage axis shown in the experimental results 
is accordingly rescaled with a lever arm of approximately 
C = 2.1). A resonance associated with the second well level 
occurs at higher bias (not shown in the figure). Because of the 
intrinsic asymmetry of the device due to the presence of the 
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Fig. 3. (Color online) Experimental magnetic field dependence of the I-V 
curves of a RTD with magnetic quantum well. The field is varied from to 
6 T. Temperature is 1.3 K. 

GaAs substrate, the resonances for the negative bias direction 
are not as pronounced. We confirmed the absence of charging 
effects in the device by verifying that I-V curves for different 
sweep direction were identical [18]. 

As the magnetic field (parallel to the current) is applied, 
the resonance splits into two parts and the splitting grows 
as B increases. The growing saturates at large fields [7] 
which is consistent with the Brillouin like behavior expected 
from the giant Zeeman splitting of the injector [Eq. ([T])]. 
The results for B perpendicular to the current are similar but 
they show a broader resonance as B increases. This effect 
is well known in GaAs RTD's and can be understood from 
conservation during tunneling of the momentum parallel to 
the interfaces [19]. Let z be the growth direction and the in- 
plane B point along x. Then, the Lorentz force acting on an 
electron traversing the barrier of width d provides an extra 
electron momentum ky = eBd/Ti. The corresponding energy 
shift, SE = e^B^d^ /2m, is compensated at resonance with a 
larger voltage AV — SE/e. Furthermore, the resonance peak 
is broadened for increasing B since electrons with different 
ky see different effective potentials and the redistribution of 
electron energies cause the additional broadening [20]. 

Moreover, we obtained the temperature dependence of the 
I-V characteristics [7] and found that an increase in temper- 
ature has a similar effect on the curves as a lowering of B. 
This behavior agrees with the Brillouin function describing the 
magnetization. 

IV. Theoretical model 

The exchange interaction that couples s conduction band 
electrons and d Mn local moments is ferromagnetic and 
favors parallel alignment of the local moment S and band 
electron spins s. This is well described by a phenomenological 
exchange model: 

/ 

where the sum is extended over the positions / of the magnetic 
impurities and Jgd is the exchange integral (which we take as 



a constant). We can simplify this Hamiltonian combining a 
virtual crystal approximation with a mean-field theory [16], 
[21]. Both of them are good approaches since, first, the lattice 
parameters and the band Hamiltonian parameters of a II- 
VI DMS heterostructure are assumed to change smoothly as 
Mn++ spins are introduced in the system and, second, a 
5 = 5/2 quantum spin is assumed to be added to the low 
energy degrees of freedom for each Mn spin. The virtual 
crystal approximation consists of placing one magnetic ion 
at each lattice site, reducing the exchange constant by a factor 
X. This is a good approximation since in semiconductors 
the electron wavelength is large and the electrons interact 
simultaneously with a large number of impurities. Equation ^ 
is thus transformed into 

Hf,ft = a;J3d^5, -sCr;), (3) 

i 

where now the sum is extended over the whole lattice. In 
the mean-field approach, each Mn++ moment is replaced by 
its statistically averaged projection along the direction of the 
external field (say, z): 

ni:!,^Jsd{s.)J2sAn), (4) 

i 

where Jsd = xJsd- {Sz) is described by the response of a 
paramagnetic system of noninteracting spins under the action 
of a magnetic field B: 

Therefore, when the mean-field and virtual crystal approxi- 
mations are employed, the effect of this coupling is to make 
the subband energies spin-dependent according to Eq. ([T]i in 
those regions that contain Mn ions. Typical parameter values 
for the system under consideration are Jgd — 0.26 eV, g — 1.1, 
So = 1.13 and Tcff = 2.24 K for x = 8% (5*0 = 1.64 and 
Teff = 1.44 K for x = 4%). 

Because spin effects are independent of the B direction, 
orbital effects are not taken into account. We ignore spin-flip 
processes, so that the current density along the z-direction, 
J = J| + Jj^, are carried by the two spin subsystems 
in parallel. We model the transport through the magnetic 
RTD considering resonant tunneling through a double barrier 
system. In the transmission formalism, the spin-dependent 
current density traversing the quantum well reads, 

/"OO 

Ja ^ ^ dEzdE^T^{Ez, So, V) (6) 

JeV-sh/2 

X [fM+E^)- fR{Ez+E^_)], 

with V the bias voltage applied to the structure, = m/27r?i^ 
and s = + (— ) for a =1 (|). The Fermi functions /l and 
describe the distribution of electrons with total energy Ez+E± 
in the left and right leads with electrochemical potentials hl ~ 
Ep+eV and fiR = Ep, respectively (Ep is the Fermi energy). 
Band-edge effects are incorporated in the lower limit of the 
integral. 

In Eq. (|6|l, the transmission T conserves the momentum 
parallel to the interfaces and depends, quite generally, on E^, 
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Fig. 4. (Color online) Theoretical I-V curves at 4 K for a RTD with magnetic 
quantum well. The field is varied from to 6 T as in Fig. [5] Parameters are 
Ep = 10 meV, eo = 54 meV, To = 2 meV. 



V and the subband bottom energy of the quantum well which 
includes the spin splitting: Sq ^ Eq = Eq — sA/2. Close to 
resonance, it is a good approach [22] to take a Lorentzian 
shape, 

" {E, - + r2/4 ' ^ ' 

where (r^) is the partial decay width due to coupling to 
lead L (R) and F = + F^ the total broadening per spin. 
We hereinafter consider symmetric barriers for simplicity but 
it is important in the strongly nonlinear regime (i.e., around 
the current peak) to take into account the energy (and voltage) 
dependence of the tunneling rates. For a rectangular barrier, 
it reads F,(i;,) - Fq/bI 



eV + cTh/2^/El/EF [23]. The 
barrier height is given by the conduction band offset between 
ZnSe and Zno.rBeo.aS'e, which is approximately 0.6 eV. 

To simplify Eq. (|6]l we consider an infinitely narrow reso- 
nance ((5-resonance), T{E^) = 2tt{V l'^ r/T)5{E:, - Eq)- In 
this limit, we find J^{V) evTLTniEF + eV - E^ + 
a A/2) /hT for raa^{EF,Ea ~ Ep - ctA/2) < eV < E^ - 
a A 12. This simple expression predicts a splitting of the 1-V 
curve as observed in the experiment. The maximum current 
for each spin channel is J^"^'' = (ev /Wfij: jj: rIY)Ef. The 
total current peak is given by /p — 2evEF(X ~ A/2EF)/'hT. 
which decreases with increasing A, as expected. 

Numerical simulations of the full model (see Fig. |4]i re- 
sult in good agreement with the data shown before. The 
splitting appears more clearly in the simulations because the 
nonresonant contribution to the experimental current (which 
increases exponentially with V) is not taken into account. In 
addition, the model ignores spin relaxation effects, which tend 
to equilibrate the spin subsystems and which may become 
important in particular situations. Nevertheless, the simplicity 
of the model suggests to explore new configurations. 

A. RTD with magnetic injector 

Let us first focus on a RTD with magnetic injector for which 
A = in the quantum well. We denote the giant Zeeman split- 
ting in the injector with h to distinguish it from the splitting 
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Fig. 5. (Color online) Theoretical I-V curves at 4 K for a RTD with a 
spin-polarized injector increasing the spin splitting from /i = to /i = 2Ep 
in steps of h = 0.2Ep (from bottom to top). Parameters are: Ep = 10 meV, 
eo = 21 meV and Fq = 15 meV. 



in the well. For large level broadening we expect that the I-V 
becomes dominated by F either because Ef and temperature 
are quite small or due to strong interface roughness or disorder 
Then, there should be no splitting in the RTD characteristics 
related to spin-dependent transport. However, we observe an 
interesting effect in the characteristics, see Fig. |5] where the 
giant Zeeman splitting in the injector is varied from h — Q 
to h = 2Ef- Fist, the peak shifts to higher voltages and 
strongly increases in amplitude. The strongest dependence 
of the peak amplitude and position on the magnetic field is 
observed at low fields, with the behavior saturating at high 
fields. The behavior is therefore consistent with the Brillouin 
like behavior expected from the giant Zeeman splitting of the 
injector [Eq. ([Hi]. 

The slight shift of the peak to higher bias with increasing 
magnetic field is explained as follows. The maximum of the 
resonance occurs when the bottom of the conduction band 
is brought into alignment with the well level. As the field 
increases, the peak becomes more and more dominated by the 
majority spin conduction band. Since the bottom of this band 
is moving to lower energies, a higher bias will be required to 
bring this band in alignment with the well level, producing 
a shift of the resonance towards higher bias. In fact, we can 
expand Eq. (|6]l at zero temperature in powers of 1 /F. We find 
for small spin splittings that the resonance peaks at 

Ef 

- ^ + 777^ ■ (8) 



3Ef 



This expression clearly shows the shift of Vrcs with increasing 
h. 

The strong increase in the current amplitude shown in Fig. 
|5] is related to the change of the conduction band energy with 
magnetic field B but its manifestation is somewhat subtle. 
Qualitatively, this result can be viewed as resulting from the 
change in the position of the conduction band in the injector 
which is required to maintain the alignment of the Fermi level 
throughout the device while allowing for the magnetic field 
induced redistribution of spin populations. This pushes down 
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the energy of the bottom of the majority spin conduction 
band, which thus requires a higher bias to be brought into 
alignment with the well level, and consequently moves the 
maximum of the resonance to higher bias. Additionally, the 
redistribution of the spin population increases the size of the 
Fermi sphere of the majority band, allowing for more states 
at the Fermi energy to participate in the tunneling, and thus 
increasing the tunneling current. One might naively expect that 
a spin splitting of the conduction band leaves the DMS injector 
electron density constant (keeping the Fermi energy fixed). 
This is indeed correct for a two-dimensional injector [24] 
since the spin-dependent density at zero temperature, Ua ~ 
{m/2'Kh'^){EF ~ eg), is independent of energy because the 
density of states is constant. However, for a three-dimensional 
system depends nonlinearly on h. At ksT = 0, 

= / v,{E), (9) 

J -sh/2 



where D„{E) = {mjl-K^h^)^ 2m{E + sh/2) jf? . As a con- 
sequence, the total electron density n = n^ + "^i, 

3/2 / , N 3/2 



n{h) (X 1 + 



1 - 



2Et. 



(10) 



is an increasing function of h provided Ep remains fixed. In 
the fully polarized case, h — 2Ep, the increase can be as large 
as 44%. Since the current peak is mainly determined by n, it 
follows that the peak amplitude increases with B. Therefore, 
the current increase effect has a geometrical origin. Inserting 
Eq. ([8]) in Eq. ^ we find to leading order in l/F that the 
current peak Jp ~ {em / 2Tr'^ h^) E p {1 + h'^ /AEp) is indeed an 
increasing function of the magnetic field. As a result, the RTD 
with magnetic injector may serve as a generator of high peak 
currents by simply changing the applied magnetic field. 

B. RTD with magnetic well at high fields 

We now turn back to the case of a RTD where the quantum 
well is a DMS. At high fields, while the giant Zeeman splitting 
of the DMS has already reached saturation and remains 
therefore unaffected by further magnetic field increases, the 
normal Zeeman splitting in the nonmagnetic injector is of 
course still growing linearly with magnetic field: 



h = g^isB , 



(11) 



For low B the resulting splitting is negligible in the RTD 
transport properties since it is of the order of the thermal 
broadening fcsT. On the other hand, one usually has /i <C A. 
This situation was studied above. Nevertheless, for high mag- 
netic fields, h can attain a considerable fraction of the Fermi 
energy. E.g., at _B = 14 T, ft, is around 1 meV and can not be 
neglected for typical Fermi energies {Ep ~ 1 — 10 meV). 
Therefore, as B continues to increase, a spin polarization 
develops in the carrier population of the injector, and the diode 
begins to be fed with spin polarized electrons. The resonance 
corresponding to the lower energy subband in the quantum 
well thus becomes fed with a stronger current, and thereby 
increases in amplitude, whereas the high energy spin level in 
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Fig. 6. (Color online) Theoretical I-V curves for the RTD with magnetic 
quantum well at high fields. The parameters are set as in Fig.|4] Inset: Relative 
change in the current amplitude of the majority spin peak as a function of the 
injector spin polarization. 



the quantum well sees its amplitude diminish as the population 
of injected carriers decreases. The quantum well structure is 
thus operating as a spin polarized detector with the respective 
amplitude of the spin split peaks serving as a measure of the 
polarization of injector current. 

In the (5-resonance limit, the maximum current per spin 
reads, 

Jr^'^^-^^^iEp + sh/i), (12) 

which increases (decreases) for spin-up (-down) electrons. 
Equation ( fT2] i is valid for resonant energies sufficiently above 
the Fermi energy (eq > Ep + A/2). We define the relative 
current amplitude change when the spin splitting in the leads 
is varied. 



(13) 



Using Eq. (fT2]) we find a short expression for the amplitude 
change, ^cr{h) = sh/2Ep. A particularly simple relation 
between the spin polarization in the injector and follows 
from this discussion. For free conduction electrons we can 
make the following approximation for the spin polarization: 
N^-N^ = J%DiE)dE ~ J^;,D{E)dE « D{Ep)h, 
where D{E) is the density of states in the injector. Thus, 
defining the polarization p — {N^ ~ N^)/ {N^ + Ni ) and 
using Eqs. (fTSI) and ( flj] ) we find p = Ct- This demonstrates 
that current amplitude changes measure the spin polarization 
in the injector. 

We now numerically simulate RTD I-V characteristics 
using Eq. We present the results in Fig. |6l In order to 
better distinguish the effects of the injector and the quantum 
well we vary both the temperature and the external magnetic 
field between curves. For each curve, a pair of ksT and B 
parameters are selected such that the giant Zeeman splitting 
in the quantum well is maintained at a constant value A = 
14.88 meV because all changes in magnetic field are compen- 
sated by a change in temperature as required by the modified 
Brillouin function [Eq. ([T])]. For this reason, the splitting of the 
peaks are identical between adjacent curves. However, since 
each curve is acquired at a different B, the Zeeman splitting 
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in the injector h, which is temperature independent, changes. 
As a result, the relative amplitude of the two peaks changes. 
At low temperatures, the applied field is small and the injected 
current is spin unpolarized. When B is increased (and fc^T in 
order to keep A constant), the injector becomes polarized and 
the majority spin current peak increases whereas at the same 
time the minority peak decreases. In the inset of Fig. |6] we 
show the expected polarization detected by the RTD, which 
exhibits a roughly linear dependence with p, thus reinforcing 
the idea that the polarization can be measured via the change 
of the peak height. 

We emphasize that the operating principle of this device 
lies in the giant Zeeman splitting in the well which allows us 
to separate the current into spin-up and spin-down flows and 
that the increase of B only serves as a tool to generate spin 
polarizations in the injector. Obviously, any other polarization 
generating method would play a similar role. 

V. Conclusion 

We have addressed nonlinear electron transport in mag- 
netically doped II-VI resonant tunneling diodes. We have 
presented experimental data which shows that such devices 
can work as spin filters when the quantum well is magnetic. 
We have presented a simple theoretical model which accounts 
for the observed behavior and have proposed two devices in 
which spin effects are important. 

The first device consists of a RTD with an emitter doped 
with Mn and a normal quantum well. Our model shows an 
enhancement and a voltage shift of the resonance current 
peak when the applied magnetic field increases. The results 
are consistent with a giant Zeeman splitting in the injector 
since the current saturates at a few Tesla and the tempera- 
ture dependence follows the magnetization of a paramagnetic 
system. The Zeeman splitting induced redistribution of spin 
carriers in the injector leads to a modification of the conduction 
band structure of the device which is responsible for the 
changes in the transport properties. The results we obtain are 
reminiscent of Ref. [25], where the In content of a GalnAs 
emitter in a III-V RTD was varied. As a consequence, the band 
alignment changes and the peak current increases. In our case, 
the increase is due exclusively to the giant spin splitting in the 
injector, offering the unique possibility of producing high peak 
currents which arise from spin effects only. Thus, the current 
increase can be tuned with a magnetic field without changing 
the sample parameters. 

The second device is a RTD where the central well is 
magnetically doped and the applied fields are high. Then, 
we have presented evidence that such a RTD can work as 
a detector of spin polarized currents. The Mn impurities in 
the well give rise to a giant Zeeman splitting which manifests 
itself in a splitting of the I-V characteristic. Further increase 
of the magnetic field leads to a change in the amplitude of 
the current peaks which is opposite for each spin index. Thus, 
this amplitude change is employed to estimate the injector's 
spin polarization. 

The theoretical model has considerable latitude for includ- 
ing complicated effects. It has been shown in Ref. [24] that 



electron-electron interactions (even at the mean-field level) can 
produce multistability of states with distinct spin polarizations 
for a given bias voltage. Depending on the carrier density, in 
multiple quantum well systems there may arise self-sustained 
oscillations of the spin polarization which occur without any 
time-dependent forcing [26]. In addition, a desirable property 
of any transport theory dealing with spin-polarized currents is 
that spin relaxation processes should be taken into account. 
These mechanisms can be rather slow in II-VI materials but 
their role can be discussed within a phenomenological model 
[24]. 

In closing, we believe that our discussion opens new re- 
search avenues toward an all-electrical generation, manipula- 
tion and detection of spin polarized currents in nanodevices. 
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